
h 

- (PAGES) i 
< L 

I ICATPOORY) 

/ / GLOBAL DISTRIBUTION OF THE NET ENERGY BALANCE 
OF THE ATNOSPHERE FROM TIROS RADIATION DATAJ 

c 

fi k. I. Rasoold ( I d 1  d ) '  
Goddard Institute for Space Stddies ~ C L M  '#FL* E 3 -National Aeronautics and Space Administration ,, ' 

w - 7  
/ 

, 

and \ 
\ 

0 

i '  / 
Department of 

New York 
L 

\-- - 

. 

*National Academy of Sciences - National Research 
Council Senior Research Associate with the NASA 

8 



ABSTRACT 

A 
h e  radiation data from TIROS I1 and TIROS I11 

have been analyzed to.obtain the monthly averages of 

the global distribution of the total outgoing radiation 

from the earth. These data have been combined with 

climatological estimates of the incoming radiation for 

the same periods to obtain monthly averages of the 
. 

regional distribution of the net energy balance. The 

results show that these data could be useful in studies 

of the meridional circulation and the evolution of 

large-scale weather systems. 
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W e  have carried ou t  an a n a l y s i s  of t h e  r a d i a t i o n  d a t a  ac- 

q u i r e d  by t h e  TIROS meteorological  sa te l l i t es ,  i n  o r d e r  t o  

determine t h e  r eg iona l  and t i m e  v a r i a t i o n s  i n  t h e  energy balance 

of t h e  ear th  and i t s  atmosphere. 
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The energy balance of  t h e  earth-atmosphere system is  made 

up of t h e  d i f f e r e n c e  between the  incoming solar  r a d i a t i o n ,  mostly 

i n ' t h e  v i s ib le ,  and the outgoing terrestrial r a d i a t i o n  i n  t h e  

i n f r a r e d .  It is  w e l l  known that  t h e  l a t i t u d e  v a r i a t i o n  of t h e  

energy balance shows an excess of incoming s o l a r  r a d i a t i o n  over  

outgoing r a d i a t i o n  near  t h e  equator ,  and a de f i c i ency  a t  the  

poles .  It is  t h i s  v a r i a t i o n  of the  energy balance wi th  l a t i t u d e  

t h a t  drives the atmospheric hea t  engine.  Thus, through the 

determinat iQn of the l a t i t u d i n a l  average of t h e  energy balance 

w i t h  t TIROS data, w e  o b t a i n  t h e  information which ' I  

i s  necessary  t o  understand the gene ra l  c i r c u l a t i o n  of t h e  at- 

mosphere . / 

A t  t h e  same t i m e ,  ' we have obtained some i n f o m a t i o n  regarding 

t h e  r e g i o n a l  v a r i a t i o n s  i n  t h e  energy balance of t h e  earth-atmos- 

phere system, which g ive  us  a very important source of information 

for the  understanding of l a r g e  scale weather systems. 
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Simpson (1929) carried o u t  t h e  f i r s t  extensive s t u d i e s  of 

0 .  

T 

j 

i 

I I 
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, 
I 

t h e  atmospheric energy balance,  by the app l i ca t ion  of a s i m p l i f i e d  

r a d i a t i o n  theory  t o  empir ica l  physical  models of  t h e  atmosphere. 

This  problem has s ince  been re-examined by Houghgon (19541, 

London (19571, Budyko (1958) and o t h e r s ,  

The r a d i a t i o n  instrumentat ion i n  TIROS, and t h e  phys ica l  

s ign i f i cance  of t h i s  experiment, have a l ready  been d iscussed  i n  

d e t a i l  by s e v e r a l  authors  (Bandeen e t  a l . ,  1961, Nordberg e t  a l . ,  

1962). 

- 
Three of the f i v e  channels of the TIROS radiometer measure 

terrestrial  r a d i a t i o n  i n  t h e  f a r  i n f r a r e d ,  corresponding t o  wave- 

length  i n t e r v a l s  5.8 - 6.5 ~.r, 7 - 13 p and 7 - 30 p. The o t h e r  

t w o  channels  record the solar radiation r e f l e c t e d  by t h e  e a r t h ,  

i n  t h e  visible spectrum, which g i v e s  an estimate of t h e  albedo 

of  any region.  

I n  TIROS I1 and TIROS 111, which w e r e  a c t i v e  for f i v e  and 

t h r e e  months r e spec t ive ly ,  t he  channels  which measure the r e f l e c t e d  

v i s i b l e  energy degraded very  quickly,  and almost no d a t a  are 

a v a i l a b l e  for  these  channels.  It i s  also poss ib le  t o  o b t a i n  

informat ion  regarding the  s o l a r  i npu t  by t h e  s t a t i s t i ca l  a n a l y s i s  
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of t h e  T I R O S  cloud cover photographs (Arking 1964), b u t  t h i s  

a n a l y s i s  i s  s t i l l  i n  a prel iminary .stage.  Therefore ,  f o r  t h i s  

first s tudy  of the energy balance,  we  have used t h e  c l ima to log ica l  

estimates of Budyko (1958) for  t h e  incoming r a d i a t i o n .  These 

g ive  t h e  monthly averages of s o l a r  r a d i a t i o n  reaching the ground 

as a func t ion  of l a t i t u d e  and longitude, as der ived  f r o m  

ground-based pyrohe l i m e t e  r da t a .  

For the outgoing r a d i a t i o n  we  have used the T I R O S  data i n  

t h e  i n f r a r e d  channels.  Channel 4 ,  which is  s e n s i t i v e  i n  the 7 - 30 p 
i n t e r v a l ,  and t h u s  records  almost 80% of the t o t a l  outgoing 

r a d i a t i o n  f r o m  the e a r t h ,  also degraded after approximately 

one month i n  each of t h e  satell i tes.  The data f r o m  Channel 2, 

b 

I s e n s i t i v e  i n  the 7 - 13 p i n t e r v a l ,  however, is a v a i l a b l e  f r o m  

1960, to A p r i l  12, 1961,.for TIROS I1 and fr 

10, 1961 for  TPIROS 111. There wa some degrada t ion  

i n  t h i s  case a l s o ,  b u t  f a i r l y  good estimates of t h e  c o r r e c t i o n  

factors for  t h i s  channel are now ava i l ab le .  

- 

Wark e t  a l .  (1962) have shown t h a t  d a t a  from t h i s  channel 

can be used t o  o b t a i n  reasonably good estimates of the t o t a l  

I outgoing r a d i a t i o n  f r o m  t h e  ea r th .  Numerical factors fo r  con- 
I 

v e r t i n g  Channel 2 measurements t o  to ta l  outgoing r a d i a t i o n  are 
I 

, 
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now a v a i l a b l e  f o r  bo th  TIROS I1 and 111. A comparison between 

the  va lues  of t o t a l  outgoing r a d i a t i o n  der ived  f r o m  Channels 4 

and 2 fo r  t he  overlapping per iod  g ive  s a t i s f a c t o r y  r e s u l t s .  

To o b t a i n  an estimate of t h e  temporal as w e l l  a s  r eg iona l  

v a r i a t i o n s  i n  t h e  t o t a l  outgoing flux, w e  have d iv ided  t h e  

surface of the e a r t h  i n t o  l o o  l a t i t u d e  x l o o  longi tude  i n t e r v a l s  

between SOo N and SOo S. Because t h e  i n c l i n a t i o n  o f  t h e  s a t e l l i t e  

orbi t  is  48O, the  d a t a  f o r  p o l a r  reg ions  are n o t  a v a i l a b l e .  All 

measurements made by t h e  s a t e l l i t e  i n  each of these i n t e r v a l s ,  a t  

n a d i r  angles  less than  2 S 0 ,  have been converted t o  the t o t a l  out- 
B. 

going flux and averaged sepa ra t e ly  for each month. There are 

approximately 500 observat ion poin ts  p e r  month i n  each 10 degree 

square.  

i The total 0 flu estimated i n  this manner is, however, 

l iable  t o  have a s m a l l  d i u r n a l  bias. This i s  because t h e  orbi t  

of the sa te l l i t e  precesses  i n  r i g h t  ascension a t  a rate of 6 degrees  

- 

p e r  day, or a precess ion  per iod of 9 

for  t h e  t o t a l  outgoing r a d i a t i o n  are 

v a r i a t i o n  of the  ground temperature. 

weeks. Therefore ou r  r e s u l t s  

a f f e c t e d  by t h e  d i u r n a l  

However, t h i s  effect  i s  s m a l l  
I 

f o r  the p a r t i c u l a r  case of the present  s tudy,  because w e  are 

i n t e r e s t e d  i n  the long-period averages over  l a r g e  areas. Because 

- 4 -  



of t h e  c loudiness  and t h e  presence of  w a t e r  vapor,  t h e  average 

of t h e  channel 2 d a t a  over  l a rge  reg ions  and extended per iods  of 

t i m e  does n o t  g ive  t h e  ground temperature,  b u t  has been shown 
-. 

1 (Prabhakara and Rasool 1962) t o  g ive  t h e  e f f e c t i v e  temp- a r a t u r e  

a t  a h e i g h t  of - 3 k m . ,  and t h e r e f o r e  t h e  e f f e c t  of t h e  d i u r n a l  

v a r i a t i o n  i s  much reduced. 

As mentioned earlier,  f o r  t h e  incoming r a d i a t i o n  w e  have 

.- 

used t h e  c l ima to log ica l  estimates of Budyko (1958), which are 

based on t h e  ground observat ions of s o l a r  r a d i a t i o n  , and are 

given as monthly averages,  a l s o  i n  10 x 10 degree g r i d s .  These 

va lues  w e r e  co r rec t ed  for  t h e  absorpt ion of solar r a d i a t i o n  by 

t h e  atmosphere, which, according t o  London (1957), v a r i e s  w i t h  

l a t i t u d e  and season and is  - 30 t o  40% of t h e  r a d i a t i o n  which 

reaches t h e  ground. 

t h a t  is, t h e  d i f f e r e n c e  between t h e s e  corrected va lues  of in- 

coming energy and t h e  TIROS measured va lues  of t h e  outgoing 

energy is  p l o t t e d  on a month by month basis i n  f i g u r e s  1 through 

6. These correspond t o  t h e  months of December 1960, January,  

c 

I 

The energy balance for  each loo x 10° g r i d ,  

February,  March, J u l y  and August 1961, r e spec t ive ly .  The dark  

areas correspond t o  a pos i t i ve  energy ba lance ,  i .e.,  an excess  of  

incoming r a d i a t i o n  over  t h e  outgoing. The l i g h t  areas i n d i c a t e  

I 

- 5 -  



I 

i 

I .  
3 .  

regions of negat ive balance.  In  t h e s e  s i x  f i g u r e s ,  t h e  d a r k e s t  

shade (e.g., southwest United S t a t e s  i n  J u l y )  has  a va lue  of 

> + 1.75 x l o 5  ergs/cm /sec, while t h e  l i g h t e s t  shade (e.g., 

40° - 50° N be l t  i n  December) corresponds t o  < - 1.65 x 10 

ergs/cm /sec. 

2 

5 

2 The in te rmedia te  va lues  of  t h e  energy balance are 

5 2 p l o t t e d ,  i n  step; of - 0.5 x 10  ergs/cm /sec, as seven g rada t ions  

of t h e  shading l eve l .  

The t w o  t r i a n g u l a r  reg ions  comprising p a r t s  of  South America 

and Siberia have been l e f t  blank because d a t a  from TIROS are n o t  

available i n  those  regions.  A l s o  t h e  s e v e r a l  o t h e r  loo  x loo . 
g r i d s  l e f t  blank i n  March and Ju ly  are due t o  non-ava i l ab i l i t y  

o f  d a t a  f r o m  TIROS for  t h e s e  regions.  

A prel iminary examination of t h e s e  f i g u r e s  r e v e a l s  s e v e r a l  

i n t e r e s t i n g  f e a t u r e s .  

(1) I n  December and January, t h e  regions of maximum positive 

energy balance are loca ted  i n  t h e  l a t i t u d i n a l  bel ts  of 20 - 50° S I  

whi le  i n  J u l y  and August it i s  t h e  10  - 40° N be l t  which has  a 

h igh  excess of  energy. The evolu t ion  of t h i s  phenomenon i s  re- 

vea led  by t h e  c h a r t s  f o r  February and March. 

(2 )  The geographical  d i s t r i b u t i o n  of t h e  energy balance 

appears  t o  be such t h a t  t h e  d e s e r t  areas of Afr ica ,  A u s t r a l i a ,  

I - 6 -  



t h e  Middle East and southwestern United S t a t e s  show extreme 

p o s i t i v e ’ e n e r g y  i n p u t s  i n  the  l o c a l  summer. 

(3)  The e f f e c t  of t h e  mmsoon over I n d i a  i s  no t i ceab le  i n  

comparing t h e  c h a r t s  f o r  March and August of 1961. The n e t  

energy i n p u t  over I n d i a  i s  lower i n  August than i n  March, 

presumably because of t h e  heavy monsoon cloud cover ,  al though 

. i f  it w e r e  no t  f o r  t h e  monsoon, one would expect  a very  h igh  

excess  of energy i n  t h e  summer month of August. 

(4) I n  the  nor thern  hemisphere, t h e  region of t h e  Western 

Pacific appears  t o  show a r e l a t i v e  d e f i c i t  i n  energy during a l l  
L 

t h e  s i x  months. This  area i s  we l l  known f o r  s t rong  cyclogenic  

a c t i v i t y .  , A s  i n  t h e  case  of the monsoon, t he  high c loudiness  

produced by the cyclogenesis  probably accounts for the observed 

low input i n  energy. 

It i s  hoped t h a t  a d e t a i l e d  a n a l y s i s  of t h e s e  charts,  i n  

conjunct ion  w i t h  t he  a c t u a l l y  observed g loba l  d i s t r i b u t i o n  of  

t h e  weather p a t t e r n s  f o r  t h e  r e spec t ive  months, may provide a 

bet ter  understanding of the r o l e  played by t h e  energy balance 

of t h e  atmosphere i n  t h e  evolut ion of weather systems. 
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In conclusion I should like to thank Professors J. London, 

R. M. Goody, J. Charney and R. Jastrow for many illuminating 

discussions, and also Mr. Conrad Hipkins for preparation of the 

programs by which these data were computed and plotted on the 

IBM 7094.and the SC 4020. 
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FIGURES 

I 

Fig. 1 through 6: D i s t r i b u t i o n  of n e t  energy ba lances  f o r  t h e  
months of (1) December 1960, (2) January 1961, 
(3) February 1961, (4) March 1961, (5 )  July 
1961, and (6) August 1961. 

and extreme l i g h t  shade .e - 1.65 x lo5 
ergs/cm2/sec. 

E x t r e m e  dark shade - > + 1.75 x 10 5 ergs/cm*/sec, 

. 

i 
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J u l y  1961 
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